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S UMMARY

NZLDWO0S5 is an aerodynamic heating program designed particularly to
handle the case of a vehicle composed of a sharp nosed, conical section
followed by a conical section of lesser half-angle. The effects of the
crossflow arising from low to medium ( <30°) angle of attack are included.
The output consists of heat rate and wall shear stress profiles along the
windward generator. A selection may be made by the operator as Lo whether
the pressure on the downstream cone is derived as the asymptotic cone
pressure (the pressure which would exist {f the entire body consisted of a
cone of the after-cone half angle at the applicable angle of attack) or as
the pressure resulting from a real gas in equilibruim Prandtl-Meyer expansion
from the fore cone to the aft cone. A similar problem consisting of a wedge
followed by a wedge of lesser half-angle can be run at the operator's option,
The output is analogous to the cone/cone case but there is, of course, no
crossflow effect., Whenever a conical body is run, the program calculates
and prints out the pressure variation along the downstream cone as derived
by the shock-expansion method of Syvertson and Dennis. The pressure
distribution so derived is printed out solely as extraneous data and is NOT
used in any way in the program heat transfer or friction coefficient calculations.
This pressure distribution on the downstream cone is strictly valid only at neg-

ligible angle of attack and so should be ignored if the angle of attack is
greater than five degrees,
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PIRPOSE

The purpose of the IBM digital program NZLDWOOS5S {s to compute, for
both laminar and turbulent flow, the heat transfer rate from the boundary
layer to the wall, the heat transfer cocfficient, the local flow con-
ditions external to the boundary layer, the wall shear stress, the friction
coefficient, and the boundary layer reference conditions alonp the windward
generator of wedge/wedge or cone/cone bodies at arbitrary (up Lo=x300) angle
of attack. The program is valld for air only and assumes the flow to be a
real gas in equilibrium,

Calenlation of the shock-expansion pressure distribution an the
downstream cone (only) is included. Though this pressure distribution
is NOT used in the program, it is printed out so the operator may estimate
the effect of aftcone actual pressures as opposed to the asymptotic cone
or Prandti-Meyer pressure (elective) used by the program, 1If it appears
warranted, the operator can then elect to use the shock-expansion pressure
distribution to run additional studies using a heating program capable of
accounting for pressure gradients (e.g. NZLDWOO1l, Reference 1),

GENERAL DESCRTPTION

The configurations which an be analysed by NZILDWOOS are limited to
cone/cone or wedge/wedge bodies having sharp noses or leading edges. 1In
both cases, the downstream cone or wedge half-angle (B¢ or 8y) wmust be

smaller than the upstream body half-angle. Since the program is provided
with a counter which differentiates between two-dimensional and quasi-three-
dimensional flow, the term "cone" will be understood to mean '"cone or wedge,
as applicable™ in this section of the report. The configurations are shown
in Figure 1 with identifying terminology.

The program requires that the nose shock wave be attached so the
bodies investigated must have relatively sharp noses. Obviously, no
physically meaningful body has a perfectly sharp nose. Therefore,
judgement is requived in the application of the program to each individual
problem, The degree of nose bluntness will determine the mass of air which
will pass through a near-normal shock wave at the nose tip with a consequent
sharp increase in the entropy of this air. As the high entropy air passes
around the body, it effects the local flow properties external to the boun-
dary layer until it is either absorbed into the boundary laver or swept
away from the body by the crossflow arising from Lhe body angle of attack,
In general, the most extreme effect of the high entropy air is felt when
the angle of attack is zero, but even in rhis case the effect entends only
some five to ten nose diameters down the body from the nose. Since the
high entropy jump across the near-normal shock causes a decrease in heat
transfer to the body wall from the boundary layer, it is usually conser
vative to assume an attached (oblique) nose shock, Thus NZLDWOOS is quite
valid except in the immediate vicinity of Lhe nose, If it is desired Lo
make a detached nose shock analysis Lo cvaluate heating and shear stress
conditions around and In the vicinity of the blunt nose, another program
(NZLDWOO1, Reference 1) is available for this purpose,



It is important to bear in mind that if the cone angle (plus the
angle of attack) gets large enough to result in separation of the shock
wave from the body, this entire analysis is invalid and it will be nec-
essary to swvitch to a "pure crossflow" type of analysis which can be ‘
closely approximated by NZLDWOOL (Reference 1), This is the primary
reason for limiting the applicability of the program to moderate angles
of attack. The "cone angle plus angle of abttack at which the shock would
separate from the body varies with the Mach Numbher but, in general, a reason-
ably conservative assumption of a maximum value for this angle would be about.
40 degrecs. ‘ '

One of the options at the disposal of the operator is the election to
use asymptotic pressure or pressure derived from a real gas (in equilibrium)
Prandtl-Meyer expansion on the downstream body. Again, judgement is required
in making this selection since there is no convenient method for determining
which method to use in a specific case. If one considers a body sysltem
having an extremely large length to diameter ratio (very slender body), then
the pressure somewherce far back on the aft cone or wedge will indeed approach
the asymptotic value. Towever, if the body is relatively stubby, the Prandtl-
Meyer expansion pressure is probably a better estimate, Of course, the most
accurate method would make use of the shock-expansion pressure distribution
on the downstream body (as derived by this program but used as input Lo Aa
pressure gradient heat transfer analysis program}. The present program,
it must be remembered, considers the asymptotic pressure {a constant) on the
forebody and either the asymptotic or the Prandtl-Meyer (elective) pressure
(a constant) on the aft body,

Also worthy of mention is the fact that NZLDWOO5 automatically cal-
culates each problem considering first a laminar and then a turbulent
boundary layer. Both laminar and turbulent values are printed out, Tt
is entirely within the responsibility of the operator to determine which
assumption is valid., The wmachine merely presents both calculations.
Clearly, in cases where the turbulent value for a given station is less
than the laminar value, -then it would be nonsense to assume turbulent
flow using the program's analytical techniques - regardless of what any
other criteria (such as local Reynolds number or Momentum thickness
Reynolds number) might -indicate.

In brief summary, the sequence of operations of the program are
as follows:

a. Read all input data,

b. Call the atmosphere subroutine: TBLALT (1959 ARDC atmosphere)
with the input altitude and come out with all desired "free
stream”" thermodynamic and transport properties of air.

c. Estimate the pressure and temperature Cambient) behind the
nose shock and using the oblique shock real gas routine, converge
on the post-shock actuazl thermal and Lransport properties of air.
These properties are the correct external-to-boundary layer values
for the forward wedge (2 dimensional case),



d. Use the energy and momentum conservation equations Lo proceed
from the post-oblique shock conditions to conditions external-
to-the-boundary layer on the forward cone surface (axisymmetric
case),

e, Obtain asymptotic ﬁroperties,on the aft wedge by the same method
as (c¢), above, but using the downstrean body hall-angle plus
angle of attack, ' )

f. Use the methods of (c¢) and (d), above, with downstream cone
half-angle plus angle of attack to get the downstream cone
asymptotic external-to-boundary-layer propertiers,

g. Use the real gas Prandtl-Meyer expansion routine Lo obtain the
P-M local flow properties on the downstream cone or wedge,
(Note that the selection of (f) or (g) for heating and shear
stress analysis on the downstream body is a program input).

h.  Get wall properties (properties of air at local pressure and
wall temperature) on forebody using the asymptotic body pressure.

i. Get boundary layer reference properties on forebody using
asymptotic pressure,

j. Get downstream body wall properties using either P-M expansion
pressure or asymptotic pressure (as elected in input) on cone
or wedge,

k. Cet downstream body reference propertics using either P-M
expansion pressure or asymptotic pressure (as elected in input)
on cone or wedge,

1. Get 'heat rates, friction coefficients and shear stresses on
forebody (laminar and turbulent boundary layer).

m. Get laminar heat rates, friction coeff{icients and shear stresses
on aftbody.

n. Get turbulent heat rates, friction cocfficients and shear stresses
on aftbody. (Note that calculations (m) and (1) will be based
upon P-M or asymptotic downstream body pressures depending upon
which pressure the operator has requested in input),

o. Get local pressure distribution on downstream cone {only) by
Syvertson and Dennis shock expansion method. ’

The mathematical means of accomplishing the above tasks, (a) through
(o), are discussed in the Theory Section and Appendices A, B and C.
DISCISSION

Certain general observations can be made about NZLDWOOS although only
repeated comparison with available test data can finally demonstrate the



drgree of accuracy of the program. The general applicability of the
pertinent theory is discussed in the applicable veferences cited in

the "Theory" section of this report, Tt should be noted, however,

that only limited data have been tested against the theoretical prediction
of the effects of cross-flow on the heat rates of cones at (up to) moderate
angles of attack (note that « +0c should not exceced 40° and is more pro-
bably valid only up to 25 to 30 degrees),

Selection of P-M or Asymptotic Flow on Aftbody -

Tn general, it will be found that the selection of asymptotic pressure
on the aftbody (JJT = 1) will result in the higher heat transfer rate pre-
diction, Tt is probable that these heat rates will be Loo high, particularly
for relatively short vehicles (length to base diameter ratios of 10 or less),
However, the assumption of Prandtl-Meyer expansion (JJJ = 0) leads to heat
rates on the aftbody which are slightly lower than should be anticipated,
There is, of course, a distinct danger of overgeneralizing because conditions
of flight may produce unexpected variations from the "most probable" results
discussed here., When tunnel or test data are available which are vepresenta-
tive of the actual flight conditions, it is suggested that data be run both
ways, particularly in the regions of maximum heating and the remainder be run
using the most successful assumption for the JJJ counter. Tn the absence of
any experimental data, the Y"bhest guess" at the theoretical heat rate distri-
bution on the aft cone will probably result from running JJJ = | (asymptotic
pressurce on aftbody) and scaling the resulting aftbody heat rates down by
the ratio (at each station) of: (local PLOCC2/PC2) x ((SLAM2) - or 8T2 for
the turbulent boundary layer,

Since PLOCC2 is the Syvertson and Dennis shock-expansion pressure on
the aftbody and is calculated by the program only when cone bodies are
run, the above correction is not available for the two dimensional flow
case. Thus one can only use the consexvative JJJ = 1 value of heat rate
for the wedge case or simply run JJJ = 0 and 1 and numevically average the
results if less conservatism is desived (this averaging method should vield
results which are closer to reality),

Accuracy of Aerohcating Analyses -

The term '"realistic" applied to the accuracy of aeroheating analytical
methods encompasses a multitude of sins. Although one frequently secs
comparisons between analysis and {light or experimental data which "agree
within a few percent," the writer is highly skeptical of the genevral
significance of such data. Indeed, such orders of accuracy between theor-
etical conjecture and apparent measurement do exist. However, the "one to
7.31%" accuracies that one sees quoted can be very misleading. In many
practical problems of aeroheating prediction the ability to predict within
ten to twenty percent must be considered excellent and a frequent variation
of 50 to 1007 must be anticipated, There are siuply too many approximations
and assumptions required in the theories to make them practically applicable
over sufficiently wide ranges and measurement methods are similarly restric-
tive. 1In general, the lower thi total energy of the flow, the lower the
discrepancies between conjuration (theory) and observation (experiment),



Tt must be recognized that many of the theories employed in NZLDWOOS have
produced documented results within less than 57 but il must also be re-
cognized that these same theories applied in different flight regimes

show no such accuracy., Tt is not rthe purpose herc to criticize available
theoretical methods but solely to emphasize the constant need for suspicion
on the part of the program user and to implore the greatest possible usc of
the best experimental evidence to substantiate the program theory in the
flight regime in which it is being asked to perform,

Cone-Cylinder Option -

The capability of analysing a sharp cone followed by a cylindrical
aftbody AT ZIFRO angle of attack has been provided. To apply this option,
the user gets N = 1 (cone flow) and TETC2 (downstream cone angle plus
angle of attack) = 0. The program then scts the downstream flow selector
to unity (JJJ = 1) regardless of what the user inputs and the cylinder
external-to-boundary-layer properties are the free stream (forward of nose
shock) properties for the appropriate altitude and velocity., The effective
surface coordinate distance at the fore end of the aft body (52 MINT and
S2 MINL) are calculated and thus the momentum defect across the Yexpansion'
is held constant,
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THEORY

This section presents the equations used in NZLDWOOS and also gives
brief derivations. The applicable expressions are enclosed in boxes for
convenience in identifying the exact form of the equations as they are
programmed, '

Laminar Heat Transfer Rate -

The derivation of. the laminar heat transfer rate cquation is based
upon kckert's reference enthalpy adaptation of Lee's momentum intregral
equation for a laminar boundary layer in a pressure gradicent,

The initial equation is (Reference 2):

* Y *
Lh! U. 1 ]°? 1/3
N, = ——— = 0.35 Ro Ve I H  (Pr) (Eq 1)
k Ho °

where h' is the heat transfer coefficient,

Using the relation

and solving (Eq 1) for é (the heat transfer rate to the wall)
: *
1.
S 0.35k QoUe L7 * 1/3
lam. pr 1. “o“'"‘—' Hs (Pr) (h,. . - hw) (Eq 2)

but, aiso from Refercence 2,

H;k . ®
[(9

Noting that r = s sin (6, - « ), é lam = alam (2N + 1) 7 (Mangler's

.k N
/Q o ) (U(_g /U,\q) (L"/L)

3 S7T N
19 ) HI/H Y (UU/L;U{/f <%) | <a>-]

(o}

(Eq

o X0 x

—

.

9one —‘f3 q 2dim)’ and the pressure gradient is zero (hence local flow

properties are independent of S/L) get:

%
0.35 | b *
q = ___ 35___.(._ _Q_?__B_m L (2 N+1) (Q(: / Qs) (Uey U..,
L am CP L r —
W o
. * 1, 1/3
(Ho/ e ) Y el v (Eq &)
S/L k



* B Y
¥ = [(l - Pr ) he + Pr h - h ]
. Lam - 0 w
; (Eq. 5
3 p 3~
v - [ - n o
= [ N e N

and

- hag) (Fg, 6)

h* = reference enthalpy = hethw + 0,22 \[E;T- (hy
2

I'quation 4 simplifies to the form programmed:

* * 1

——

He S

‘When N = 1, Fq. 7 is multiplied by QRTL1l or QRTL2 (Fore or afthody)

Turbulent Heat Transfer Rate -

The turbulent boundary layer heat transfer rate is calculated by the
Flat Plate Reference Fnthalpy method which is given in Reference 3 and
(subsequently) in Reference 4, Further justification for the use of this
method may be found in Reference 5. The full development is recorded in
Reference 6 and is based upon the work of L,R,G., Ytckert in Reference 7.
A brief summary is given here,

From FEckert (Reference 7), the Stanton number for turbulent, in-
compressible flow on a flat plate is

= 2 Sy =g/, y, (h - h) (¥q. 8)

Tec W

According to Fckert (Reference 8), the proportiorality factor, S', can
(consistently with the reference enthalpy concept) he expressed as
. * -2/3
s' = [pr] (Eq. 9)

Blasius expression for the local skin friction coefficient on a flat plate
in incompressible turbulent flow is (pg. 537 of Reference 9):

Ce -0.2 '
] —-2—— = 0.0296 ( Rce) (Eq. 10)

. 0.35k x 173 '
9 am ___i_m_ (Pr) [(2N+1) UQ Ce ]( ¥ lam)(QRTLY  (Eq.



The two dimensional, turbulent, incompressible heat transfer rate can
then be obtained from equations 8, 9 and 10 as:

-0.2 . -2/3

q turb = 00,0296 (Ree) . (Pr) (QC UL‘ [l,) (,hroc - hw) (Eq' 1)

The compressibility correction according to Hayes and Probstein
(Reference 10) is

*

. 7\0.2 0.8
5 compressible _ M e \ Qe ' D 2
= e (Fq. 12)
He / Qe

Y3 incompressible

which is nothing more than the ratio of the compressible to incompressible
momentum thickness. Intering this correction (Lq, 12) into (Eq, 11)

and accounting for Van Driest's (Reference 11) "factor of L' to the
Reynolds number for conical flow with the selective congtant, N

\, (zero
for 2 dimensional, one for conical flow) obtain:
. . 0.2 0.8 * 2 ;
4 = 0.0954 1N ke turh ](Q RTT) -
turh [ 5 Q(_. Ue Cp* B 0,466 (I,
o He. ] 13)
1 i Fq. repeate
where curh 1S (Fq. 5, repeated)
¥ eurb = (1 - Pr ) h, + h, \[Pr - hw = (hpee - hw) Furh (Fq.
. 14)

Laminar Friction Coefficient and Shear Stress -

The laminar friction coefficient is developed by the use of Reynold's
analogy as follows:

Eq. 8.3.12 (Reference 10) gives
. * 2/3
_ 2 q (P (Fq., 15)
“Flam @ (h h) o
gm e Ve rec 1w

Using Eckert and Tewfik's (Reference 2) § valuc (Eq, 7) combined with
(Eq. 15), get

1
% 2/3 %173 (2N+1) y Q* S )
— . i o) - 2 e (¥ . 16)
Cflam = 2 (Pr) (0.35 k*¥)(Pr) (hpo-h) { R S‘ 4. 1o

Qe Ue (hrec - hw) CPW



Which, with the Blasius constant (0.664) replacing the constant in
(Fq, 16) (2 v .35 = .7), becomes

L

x ks

0,664 Cpk ’

e = e [(21\”“ (e “0)] (QRTL) (Eq. 17)
lam Pe Py U, S

The Mangler correction from two dimensional to conical flow (‘V 3 )
is accounted for by letting N = 0 for 2 dimensional and N = 1 for
conical flow, The laminar shear stress is given by

T = 0.5 C
Lam f Q e

Ue
Lam

Laminar Shear Stress and Triction Coefficient on Cone at Angle of Attack -

Since the program conslders cone/cone bodies at angle of attack, it
is necessary to correct the conical (though not the wedge) Cflﬂm and
4
71am to include the effects of crossflow. This is done as follows:

In accordance with the assumptions defined on page 4 of Reference

12 (also, see these assumptions in Appendix A), the boundary layer momentum
equation yields

2 2
g L=€Q Ul Cgdl +Ldg)= @, U, 48 (Eq. 19)

ds ds 7 ds

e

For a flat plate in laminar, incompressible flow

) Z
L 0.332 Pe Ue ve (Eq. 20)
Ue g
and
= T g/ 2 (Fq. él)
8 27 Qe \Je q

It

NOTE THAT 4
bc

boundary layer momentum thickness
cone half-angle

1l

Combining equations 20 and 21 by elimination of §

T = 0,2204 Ye Fg (kq. 22)
} inc 9




Ycomp )

;

w 1inc .

r S ) = o0.02206 Ve He [ 8 comp (Eq. 273)
'fw comp comp

inc

substituting (Fq. 23) into (Eq. 19)
2
0.2206 Ue He 1, _ @4 Ug d (8L) (Eq. 24)
d s
or
0.2204 He 12 ds .
= (L) d (o L)
Qs Us
but
6
L = cg ZTan (Pc +a) (Eq. 25)
Tan OC
S0 ) 2 Tan (0c+a)]
{ 0.2204 Me C }«[ ] S -
S Tan ¢ 1
0. U c - =
e e [1+ 2 Tan (9, 1) ]
) Tan GC
\,
[2 Tan Loc + o J
2 2 . " .
_ 0% ¢ <S> Tan o (Eq. 20)
2
also
X :
0o = 0.664 Le S
=0 e U —— (Eq. 27)
¢ e S - -
\f 3
therefore
6la =0) _ \/3 '
0o # ) g/ 2T f (Fq. 28)
(q 0) [1 + 2 Tan (8C+(])] ’ i Tan 8_+2 Tan (8 _ +a) j
Tan ¢ ¢ <
. C ;
i /
E\/ ‘l
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or, finally,

c 2 Tan( QC +a )]
-Qﬁﬂdw = fa? o | "Mav o -1+ Tan g
c. T 3 (Eq. 29)
fa _ 0 Lam Ya= o Lam '

The above expression is termed QRTL in the program. From Reynold's
analogy, (Eq., 29) is also the correction for the heat transfer rate on a
cone windward generator when the cone is at angle of attack since the heat
transfer is proportional to the friction coefficient,

Turbulent Friction Coefficient and Shear Stress -

The shear stress equation for a flat plate in turbulent, compressible

flow (based ont he Blasius solution given on page 536 of Reference 9) is:
574

2
"turb™ (0.0125)%0 Ue? [(m)] (2 Dim., Comp.) (Eq. 30)
U()/u(. ) 12. 6 1/;

The flat plate momentum thickness is (See Appendix A)

0.8

0.036 £ (m) S
6 = (2 Dim,, Comp.) (Eq. 31)

0.
(Uglve ) 2

Combining (Eq. 30) and (Eq. 31) and introducing the Van Driest (Reference
11) correction for conical flow (again, in selective form)

w
turb e

T = 0.0287 , P 3 0.2 * 0.8 1.8
[(HM He } €, (U, (ORTD) (Eq., 32)
S .

Compressible; two dimensional or axisymmetric where, as before, N = 0
for two dimensional and N = | for cone flow

The local friction coefficient is, then,

turb o 2 (Eq. 33)




Turbulent Shear Stress and Friction Cocfficient on Cone at Angle
of Attack :

The development of the turbulent crossflow effect al the windward
generator of a cone at angle of attack is taken from unpublished work of
Dr. Joseph Sternberp and is presented in detail in Appendix A, Summarizing
the results: :

C .
q with crossflow f with crossflow
- = . — (Eq. 34)
thout - L
q without crossflow Turb {f without crossflow Turb
The development of Appendix A leads to:
q with crossflow 0.2
@RA"TT =] : : = QRTT = 0.85 (1 + l\z)
¢ without crossflow (Lq. 15)
where Tan (HC + a)
k2 = 1.25
Tan 6,

Effective Surface Distance on Downstream Body Shape (Lam, and Turb,) -

Since there is a discontinuity in the boundary layer flow at the
shoulder between the forward and aft body shapes and since the heat
transfer and friction forces on the wall are dependent upon the boundary
layer growth, it is necessary to derive an effective body coordinate, S2
MINL ‘or S2MINT, which will account for the flow discontinuity,

1. Turbulent Boundary Layer

For the case of the turbulent boundary layer, the development is
based upon the assumption of equal momentum defect across the
expansion; that is
2 2
€, Uy 0, €, y, 9
1 Y1 8 %o Uy (Eq. 36)

where the subscript 1 refers to local stream properties upstrcam

of the expansion and 2, downstream of the shoulder. From Reference
9

2 2 2
o o u 2
- 0,9, U
1 1 1 = Hl e 1 U1 and 2 2 _._g.- = HZ Qz U2 (Fq. 37)
81 8y ’




which, combincd with (Eq, 36), yields

2
A T T
2 1 5 (Eq. 138)
H, €, U,
but * 0.2 *x -8 0.8 0 %0
Z : ;
5. _0.031a My Ry s max) ( a ) (Eq. 39)
. } o =
max OVQ (“q 0 l
”1 Ui Q1
and also
x 0.2, 0.8 0.8
b,=0.0314 Cu_ ) (R ) (8 %a 4 o
2 2 — (Eq. 40)
% = o/,
or 0.2 .
. 2]
H e 5 a# o0
s = VY2 Py X, 4 (9 2 (Eq. 41)
2 a =0/
x_ 0,7 *
0314 (u’y T ¥y 0.8
2 2.
but substituting 6? from (Eq, 38)
' 0.2 H, €. U
S, =S, MINT= (uy o @ L | “a ¢ o
min 2 2 L max 2 o
turb {92 ”2 a = 0/
0.0314 ( u )0.2 (o *y 0.8 J
, 2 2
(Fq. 42)
combining (Eq. 39) with (Eq. 42)
* (0.8 1.8 *\0.2
U . . 0.8
S, MINT = N ot i B (s B
2 o * v T 1 (Eq.
2 2. 2 v
where # - %a #__g:l [ga # o] (Eq. 44)
9 = 0 1 . E)a = 0 )
B = 1+K
21 (Fy. 45)
] 1 + K22

- 13 -

43)



Tan (Yc. +a)
but K2 = 1 .
1 Tan gcl )
(Eq. 46)
Tan (gc +a)
K, = 2
2 Tan 9c2

So combining (Fq. 46) with (Eq. 44) and (Eq. 45) and simplifying, get

Tan 8. [Tan 6. + Tan (ch +a)]
2 1

(Eq. 47)

[Tan 6, + Tan (o, + a)]

Tan 8
‘1 2 2

and combining (Eq. 47) with (Eq, 43), one finally obtains

2, *\0.8 1.8 7 %\0.2 0.8 1.25
82 MINT = _e_"?l.- 4 U1 I-‘}c 8 (Sl ) (Eq. 48)
’ 2 Usy Ko max

Where S2 MINT is the initial value of S for the downstream body, assuming
turbulent flow,

2. Laminar Boundary Layer

Starting with the laminar boundary layer thickness equations

on both the fore body ( sub = 1) and aft body {(sub = 2)
: .k * % IS

8, - 2 . 0.664 S Cp .
lmax‘ R Uy ¢ L 1 (eany &1 #y (4 RATL) (Eq.
. C Q u
P
Nriesl vy 1 1
C.* R Y
5 2 0.664 S P. .
2 S € 7Yy 2 ey S *p (4 RAT2) (Kq.
' —— Q
R w 2 2
e ' 2
52
. q with crossf
where § RAT = q with crossflow
o .q without crossflow
' 81 52
Then, to avoid a discontinuity at the shoulder: max = min

or, equating the right hand sides of (Eq. 49) and (Eq. 50) and simplifying,
one obtains:

S 14 -

49)

50)



(Eq. 51)

Prandt] -Meyver Expansion -

All flow conditiogs upstream of the expansion are known as is the
expansion angle (from €1 - gC2). The program has calculated the velocities
on both the fore (V1) and aft (V2) bodies assuming asymptotic pressure values,
A velocity step, DFLV, is then calculated from

DELV = ]vz - V1 l
12

This DELV is used to calculate that value of A 8 which will yield the
DELV value. The program then sums up the & 8 values and compares this
sum to ch - 9c2 {the total deflection angle). WherIEZAQ > (9C1 _ 962),
the machine reverts to the last step and recalculates that value of A6
using DELV/2, This process is continued until the first reading at which

3]
2: A 8 is again less than ( €1 - €2), The machine method is diagrammed
in Figure 4,

Calculation of Shock-Expansion Pressure Distribution on Downstream
Cone -

Tt is of interest to calculate the pressure distribution on the down-
stream cone such that additional calculations may be made of the heat
transfer (in a pressure gradient - using a program such as NZLDWOOL,
Reference 1) if the difference between the pressure distribution and the
assumed constant {asymptotic or P-M expansion) pressures is sufficiently
large. For this reason, the method of Syvertsen and Dennis (Reference 13)
is included in this program and the desired pressure distribution on the
downstream cone is printed out, The mathod is briefly outlined here. Note
that it is only valid for negligible angle of attack!

The program has already calculated the asymptotic external-to-boundary
layer properties on the fore cone and the aft cone, as well as the Prandt]-
Meyer expansion properties on the aft cone, TFor the purpose of this section
(only) asymptotic cone properties are subscripted with a "e"

i.e. Pcl’ Pcz,'etc.
While the downstream properties derived by Prandtl-Meyer expansion do not
have the ¢ subscript,

i.e, Py, 755 M2’ etc, . i



First, the parameters By, Ql’ Q2 , and r arc obtained from
i 2

2
B o= v, P, M, (Eq. 52)
2 5
2 (M, -1)
. L+ (v, -1 o Teg + 1
€ = I —_—— G 20, - 1)
ey 2 (Fe. 53)
(Yoy + 1) '
2
2 Yoo+ 1
L+ (Y2 - 1) M, 22 - 1)
Ql = 1 2 (Eq. 54)
M
2
Yy 4 1)
2
' .
T =5, SIN 61 (Eq. 55)
Then 7
5{ = Fore cone half angle + angle of attack (ch +a)
' o (Fe. 56)
5, = Aft cone half angle + angle of attack ( €y + a)
and the pressure gradient is
B
(gi’——> = 2 _ 21 SING' - SIN 6 (Fq. 57)
S /2 r Q 2 1 2
Now, for each station on cone 2 (the downstream cone) solve
n = d p S - S1_ (Eq. 58)
ds/, P, - P
2 2
- — P
Then, the local pressure is defined by
: 7
Plocal on cone 2 = PL#CC2 = Pcz ) (Pcz - Pye (Eq. 59)

- 16 -



A susmmary of the input format and definition of fupul itoems aned
units is presented in Figure 2, The input is quite stmple, conzisting
of only two or three card types.  For the preblem which involves [ree
Flight in air, only two card types arve required.  For any case which
considers a conc/cons or wedpe/yedge confipuration which satisfies Lhe
condition that the downst resn body anple is less than Uhe upstream body
angle but which is proceeded in the flow by some arbitrarite shaped,
cftectively non-blunt body, a third card type is requived,  Similarly,
Lhe thivd Lype inpu!l card is tucluded 10 the problem involves a cone/
cone or wedpe/wedge body tun in a wind tunne whase fluid mediun is air,

The Fivst input card Lype consists of only one card lor cach probicen
and contains two test numbers and the problem Litle, The irst Lost e

(fixed point, in column 2) requives a zero if the body shape is Luwo dia-

tnsicnal (wedpe/wedge) or the digit "one” ii Lhe flow is conical tcone/s
cori) . T the preblem is concerned with a body flying in air ((hat is,
the styeam propertics breceding the body nosc are Lhe actual {light {rec
stream properties), the second test number is entered as zero and no
tvpe three cards are used, 11, on the other hand, the body sarisfics the
conc/cone {or wedge/wedge) shape requirvements but is either run in a wiod
tunncl Caiv only) or has additional body structure upstream of and thus
cffenting the flow over the cone/cone (wedyr/wedae) portion, the secand
Cest nuwber (column 6) is entered as the digit "one a:d the pruogram
datia wust include the type thren card,

The second input card tvpe consists of four cavds per problem and
contains Lthe flight conditions and Lhe body grometry,  The data catled
out on these cards is cntered four thems to o card (For the Tirst t hrec
cards) and one itom on the fourth card: in contiguous fielids of 15

(floating point), There are also three £ixed point ftems follouvi ng the siay

Floating point ftem on the feurth card. The dara so iupul is shown io
Table 1 which summarizes the entive propram input,

Tnput card type three is used only when it is desired Lo specily a
pre-mnosc shock envirorment other than that devived Fro rhe input
altitude and the 1959 ARDC atmosphere (NTH
of only onre card per problem which calls the desired "iree styeam” (e ad
of the nose gshock) pressure (columns 1-15) and temperatuve (columns 16
(both floating point),

It should be noted that the nose shock wave angle is nol a progreen
input but is obtained From the cone data of Mary Romin (Rieforence 14) for
MSTN (9¢ + q) 2 6 and from Refercnce 15 fopr M SIN (Y¢ 4 a) <z,

The data of Romig is ostimated Cadequately) from the telation,

0 =gy ! 1.0027 MaSTH (9¢ + o) + 0.5507

= T T e e e

M v

Thie operation is performed by the Program, T the MMlow ig fwo Gimensiogal

the Bectram and Cook data of Ralervence 10 g used (the curve (it or tha o
dala is piven 1n Appendix B, g, B 1),

§-

Ve 1), This card type consicty

.-

3



Note that the counter "LDW" (column 21 of card 5) is normally leflt
blank or given a zero value. This allows the system program interrupts
to occur. If it is desired to suppress these program intervupts, a """
is placed in col., 21, card no., 5.

ouTP UT

The output consists of the following section labeled as shown
here:

a. Input Data.
b, Frce Stream Properties,

c. External to B, Layer Properties on Fore Cone (or Wedge) {Asymptotic

Pressure).

d. TFxternal to B. Layer Properties on Aft Cone (or Wedge) (Asymptotic

Pressure),
e. External to B. Layer Properties from P.M, Fxpansion to Down
Stream Cone (or Wedge),

f. The Values of ORTLL, QRTL2, ORTTI, QRTT2.

5. Wall Propertics on Forebody,

h.  Reference Properties on Forebody.

i. Down Stream Body Wall and Reference Properties

j. The Values of S2MINL and S2MINT,

k. Heat and Shear Data on Forebody (includes Local Reynolds No,).

1 Heat and Shear Data on Aftbody (includes Local Reynolds No. and
Local Shock Expansion Pressure for Conical Body) .

The print-out terminology including dimensions is given in Appendix
E, (page 44), '



SYMBOLS _

a =

—
=
1l

PLCCC?2 =

Speed of sound (Fl/séc)

Defined in Eq. 52

Friction Coeflficient (-)

Specific heat al constant pressurce (DB.t,U/1bm OK)
Acceleration of pravity - 32.174 (ft/sec?)
Enthalpy (B.t.u,/lhm)

8/é

Defined in Lq. 3

Coefficient of thermal conductivity (B.t,U,/ft sec
Defined in Eq.'s 46

A character istic body length (ft)

Mach number (-)

A counter: = 0 for wedge flow; = 1 for cone flow

Nusselt number (-)

Pressure (atmospheres)

OK)

Shock-expansion pressure on downstream cone (atmosphere)

Prandil number ( -)

Heat transfer rate (B.t.u./ft2 sec)

(q with crossflow/ﬁ without crossflow) for laminar boundary

layer (-)

(q with crossflow/q without crossflow) for turbulent boundary

layer (-)

Flow deflection distance (local cone radius) ([t)

Reynolds number (-)

Surface coordinate distance from nose apex (ft)
k. 2/3

(Py ) (-)

Stanton number (-)



S2MT NL=

S2MINT=

So=

T=

U or V=

DELV=

DIL=

./

O
il

<
]

Effective boundary layer build-up distance just downstream of
expansion (assumes a constant momentum defect across the expansion)

for laminar boundary layer (ft)
Same as S2MINL but: for turbulent

Surface coordinate distance from
shoulder (ft)

Surface coordinate distance from
shoulder (ft)

Surface coordinate distance from

(ft)
Temperature (©K)
Velocity (ft/sec)

vz - V1

boundary layer (ft)

nose apex to fore body - nose

nose apex Lo forebody - aftbody

nose apex to aft end of aftbody

Fraction by which P and T are stepped in the shock routine (-)

Compressibility Factor (-)
Body angle of attack (deg)
Defined in kq. 44

e . C ,c
Specific heat ratio (“p/“v) (-)
Boundary layer thickness (ft)
(9% +a) (Sece Eq. 56)

Fxponent defined in Eq. 58

Boundary layet momentum thickness (ft)

Body half-angle (deg)
Shock wave angle (deg)

Dynamic viscosity (1bf sec/fL)

Kinematic viscosity = l‘/Q (ftzlsec)

2, 4
Density (Slugs/ft3 = 1bf sec /ft

Shear stress at wall (1bf/ft?)
hrec - hw (B.t.u/lbm)

Defined in Eq.‘53

Defined in [q. 54

)



Subscripts:

c= cenical body
comp= assumes compressible flow
e= local, external to boundary layer value
ine= assumes incompressible {1ow
lam= considers a laminar boundary layer
Trec= at boundary layer recovery enthalpy (htotal X recovery factor)

(also see Tq.'s 5)

S= at local, S, position at or near the body surface

turb= considers a turbulent boundary layer

w= at wall temperature and local pressure

o= evaluated at stagnation or located at stagnation point
1= refers to upstream cone or wedge
2= refers to downstream cone or wedpe

M= at free stream (ahead of nose shock) conditions

[ﬂ :OJ= at zero degrees angle of attack

[a #O]= at angle of attack greater than zero degrees

Superscript:

* = Properties cvaluated at local reference enthalpy and pressure

{(see Eq. )

21
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FIGURE 3A

FIGURE 3B
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FIGURE 3

SKETCH OF GEOPETRY
(FOR APPENDIXN A)



Known: 4V, 8, and all sub 1 values
2

Start

ok -

v, = V., + AV

P, = P, -()1 vy (v, - Vl)

£

T, = T. + (hy, - h) /C

Fith P, & T, call ANAPRP and |

T 2 2 Pr— -

get CPZ and (02 ) |
5 i

Cp =Cp, +C

Py Py P,

—_ 14

2
{OA Vy = '61 v, +f’2 v,

2
P, =% -0, v, (V,-v)

1o = Ty + (hy - h) /Cp

oith P, & T, call ANAPRP and
get Cp,, {55 SRys &)

NOTE: Test (not
shown here) causes
program to acceptl
1) last_negative valu
of GC -GC -
2 1
. 001 after this
valQle passes from

.’.:.,_i...».m_.,.éf.\... a‘?mﬂ ’ . negative to posit-
= o - A = i
Do Q% sz%“__ _ﬂggbz AZ J ive.
4y 0V
10 A Yy

CONTINUE
(Sub 2 properties from last entry {into ANAPRP are desired values)

FICURE &4 FLOW DIAGRAM OF RFAL GAS PRANDTL-MEYIR
- — 7 EXPANSION
- 29 -
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APPENDIX A

EFTECTS OF CROSSFLOW ON CONE HFATING AND SHEAR STRFSS

(The following derivation is taken from unpublished work of
Dr, Joseph Sternberg). The "bleeding" or "thinning" of the boundary layer
arising from the crossflow associated with placing a conical shape at angle
of attack causes significant increases in both the heat transfer rate and
the wall shear stress. Therefore, the following method is used in the program
to account for the crossflow. '

According to Reynold's analogy, the heat transfer is proportional to
the friction coefficient (Ce) or

q with crossflow Cg with crossflow
o : = _f (Eq. Al)
q axisymmeltric Cf axisymmetric

where Cp is proportional to the momentum thickness to the minus % power

At angle of attack, the boundary layer on the windward side of a cone
will be thinned by the crossflow. A simplificd theory can be developed for
this effect provided the followlng approximations are valid:

1. The boundary layer thickness is much smaller than the body radius
(5 <<R),

2, The boundary layer velocity distribution can be represented by a
1/7 power law, i.e, U = [Y/& 1/7
Ug

3. The spreading of the streamlines in the vicinity of the windward
ray can be represented using the Newtonian velocity distribution
for the crossflow,

Consider the flow in the vicinity of the windward ray, where (S) is
the distance along the windward ray and (¢) is the distance normal to S

along the surface (figure 3A). The mementunm equation for the boundary
layer flow is then

. ) )
d - _ = d . do
T o= — U 9‘ - LJ 2] —— +,'
w oA ds [QS s Q] QS S [ ds EE"] (Fq. A2)

where:

0g = density outside boundary layer

Ug = velocity along S outside boundary layer



v Vo= ‘VQ outside boundary layer

8 = local momentum thickness of boundary layer

S ’
W

0

local friction at the wall

r
4

i

a characteristic body surface distance

For a compressible boundary layer, oneé may write

-2 5/4
ro- (0.0125) Qs Us [f (m)]
w — r— - — (Eq. A3)
()
where £ (m) is a Mach number correction
Cr coﬁ . .
f(m) = “f °OmP N 8 inc \% (Eq. A%)
Cr inc 8 comp
combining Eq. A2 with Eq. A3, get
574
0.0125 [r (] Voo dy ;a0 o As
- 7/; - L= 0 g i = (Fy. A5)
(Usv) a
L For a cone at zero degrees angle of attack
af = 2r  dr __ (Eq. AG)
ds ds
and equation Eq. A5 reduces to
574
0:0125 e m] Ly g (Fq. 7)
The solution to Eq. A7 is in good argrement with the earliocr results
of Van Driest (reference 11), '
In the more general case, the local streamline spreading is given by
the streamline angle, C&/ Ug > whereigc = the crossflow velociay (in the
- direction - figure 3B). Ug = the flow component along S,
G is obtained from the crossfiow (figure 3B) in which
c
= the angle of attack of the ray
. B = the cone half angle
~ Rg = the local body radius

RS = Rb/cos B8



Assuming the Newtonian approximation for the crossflow

d Uc ‘
Je = U, /R (Fq, AB)
d ¥ 5

A more accurate representation of the crossflow would be obtained by
using a constant density stagnation point solution. However, the use of
the Newtonian velocity gradient results in a stremmline divergence angle
which is consistent with the cone at zero degrees anglce of attack. Then

UC — Gn l{
I = = _di (Eq. A9)
Us 5 Ug ds
where
Uy
1 = Tana and Ry, = S SIN B
Ug ’
Thence
5/4
0.9125 [F (m)lfn__ = 9 Tan a + d8 (Eq. AlO)
CJy,)?* ot S Tan 8 d s
Now introducint a ncw variable
574
V = 0 (Eqg. ALl)
and letting S /4

S 0.0125 [F (]

(Eq. AlL2)

TS

.
(Usw )y >

Egq AlO transforms to

Tan o
av 4 5 Vv — -5 A=0 (Eq., Al3)
s 4 S Tan B 4

jo}

jal

The scolution of ILg. AL3 s

-ko
V=2=0CS8 +5 s _ (Fg. AL
4 1+ 2]
where
K =5 Tan «
SR v

Then considering that V= 0 for S = 0, C = 0 and there results
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475
o - 0.0359 F (m) o
(Usvy 175 [1_+ KZ] 475 ‘ (Bq. ALS)

For a cone at zero degrees angle of attack, K, = 5 and
0.036 £ (m) & 475 4

0 = or §_cone = (,52 (Eq.s AlD)
(U/v ) 175 0 plate

which aprees well with Van Driest's result.

Then, for the same distance, S, and the same local flow on the windward
meridian, the thinning of the boundary layer on a cone is piven by

fa = Ba = 1.91
0 = 0 5 .._fm_mm_z_g

C L+ K / ‘

2 (Eq. Al7)
where
)
o - . b o = 1
B and Ba= 0
Therefore

q with crossfl 0.2
ar SLIOY = 0.85 (1 + Ky) (Fq. ALR)
q without crossflow
where
Tan (8, +qg )
K,=1.25 | ¢ %7 (Eq. ALS4A)
Tan GC




APPENDTX B .

THE REAL_GAS OBLIQUE SHOCK ROUTINFE (HYPERSONIC)

This appendix presents the real gas (in equilibrium) oblique shock
routine as it is programmed. Tirst the theoretical derivation is given -
and then the method used to force convergence,

DERTVATION
The oblique shock relation (Eq. 7.12.12, page 269 of Reference 10)
2 2 .
Py -P = € v,° sIN o (1 - Y1 (Eq. B1)
P
is divided by P; and the relation

e V2
= 2 (102
L= v w?s 0, (Eq. B2)

P1

is introduced to yield the following form of the momentum equation:

Py 2 2
N R v M TSINT e+ 1 (Eq. B3)
Py €, L1

From the lugoniot relation (see, for example, Fq, 1.4,7, page 12 of
Reference 10)

- o P - P
Pe b= 2oL &Ly qp, P L+ 1\ (rq. B
29 Y e
2 1 2

combined with (Lq. 1.4.5b, page 12, Reference 10)

2
Pp-Py= o v 1 - & (Eq. BS)
1 -1 ( e,
to get
: 2 ’
hy - Iy = Vi [l - _g_l_] [1 + ___9_1] (Eq. BO)
2 €, e,
dividing Eq. B6 by o]
2 2
2oy o1 (Eq. B7)
but
2
2 2
Vo= - 1) M SIN 2] 0
n Y, 1 5 (Eq. B8)



S50

i 2 2 .
M2 o1+ (M1 M sIN @ + 1 [ENFRGY] (Eq. BY)
h 1 s
t 2
s . .
Since momentum and energy (normal components) are conserved across the
shock, one can write Fq.s B3 and B9 in the form
[ €1 2 2 .
M="P 1 - L. M SIN “g_ + 1 - P, (Fq. BLQ)
I EA |
and
- ) 2 )
E =Ty 1 - (&1 Yi- 1\M SIN @+ 1 |-h, (Eq. BL1)
L . . QZ "*——2 1 S 2
The method consists of assuming a pressure and temperature behind the
shock (viz. a shock angle, 04) and solving FEq.s BLO and Bll to obtain M and
F ~0. This is, of course, an 1interative proceedure.
FORCED CONVIRGENCLE, METHOD
The following convergence method is used to determine the oblique
shock angle - hence downstream properties:
1. An original cstimate is made of 6g from curve fit equations for
the shock angle in two dimensional or conical body cases.
(Wedge flow): se< /g, 374
~ L4922 SIN 9o
SIN g = . 1 wedge + .3889  (Eq. B12)
: 5 — M
Y L
(cone flow)
SIN 6. = 1.0027 SIN B.4pe t . 5567 (Fq. B13)
: . MI
2. Using the applicable 6g from Fq.s BL2 or B13, values for PTWO and
TTWO (downstream of shock pressure and temperature) are estimated
using
: 2 2
Py = P; (2 7 M1 SIN 6, - ( Y, 1) /7« Y, + 1) (Eq. B14)
Vg =V, cos Gs ) (Eq. B15)
. 2
H, = HTOT - (Vg /50123.) (Eq. BL16)
and then,
T, = Hy / .432 ' (Eq. B17)



These values of Py and Ty are the initial estimates, with which one
enters ANAPRP (Mollier Subroutine) and obtains €, and (thence) Ql/(32.

3. The momentum and energy equations for the normal component of the
) velocity are then solved for M and E, (Note that SUB 1 = free stream and
N SUB 2 = downstream of shock)
2

2
Py [(1-91/ “ v, mswZe w1 | -op, (Eq. B1#)

M 1 s

i

=4
]

2 : 2 '
hy { 1 - (Ql/ QZ) }~(7 1 -1 ) M, SIN 2 8 + 1 |-h, (Eq. B19)
' > 1 s 2

~In order to conserve momentum and energy (normal components) across the

shock one secks Mt = E' = 0 or some values acceptably near to this
identity, Thus define
2 Vo2 )
F= (M) +(E) (Eq. B20)

1 '
and if F-10 £ 0, the values of M and E are acceptably near to zero and the
post shock values are obtained from the values of P and T from F,s Bl4
and Bl7 and the value of Bg from Eq., B12 or Bl3 is the correct shock angle,

4, Tf, however, F > 10, one seeks to alter'Pg and Ty in such a manner
as to converge F to a value less than 10, To accomplish this, first obtain
a mathematical statement for the rate of change of M and E by differentiating
Eq.s B7 and B8 to get the following four relations:

2
2 2
(-M_I. =P |y M SN e (91 / 92) 392>r -1 (Eq. B21)
3Py 3f; Ty

-/ ” ) :
SV ¢, F)
(T¥> Py [71 My SIN 6 (”“‘7) (»—T«"'« ] (Fq. B22)
2' k) . | Q 2 ¢ 5 L,
2 2
> 5\ =n -1y 2 ®1 \fa_e
—_t ! SIN ¢ '
<& P) 1 -(]_1____ L 9 2913 {j 52 ]-(‘”‘2 ) (Fq. B23)
T, - 2 ./ o) 4 \0 P2 1,
T2
; Y o’ e° ©
2 E = hp ALy sIN e (251 /e % - (32} (Eq. R24)
3T, 2 ENACE b ] VT,
P2 . 2 2 2 P2
It is necessary to use multiple entries into the Mollier data (ANAPRYD)
in order to define all partial derivatives on the right hand sides of Eq.s
B 21, B22, B23 and B 24,
Thence define
P2A = PTW@ + DEL (PTWQ)
: . P2B = PTWQ - DEL (PTWH) Eq.s (B25)
o T2A = TTWO + DEL (TTW®)
~ T2B = TTWO - DEL (TTWO)



Now with PTWO and T2A enter ANAPRP and get RIA21, H21
with PTWO and T2B enter ANAPRP and get RH$22, H22
with TTWO and P2A enter ANAPRP and get RH@23, 123
with TTWO and P2D enter ANAPRP and get RUA24, H24

! One can now define the desired partials as
H 1
(a 2) . H23 - H24 (Eq. B26)
5’?2 T, P2A - P28
H . .
_@___?_, - 2l - H22 (Fq. B27)
o7, T2A - T2B -
Py
0 ‘
3% = RH23 - RG24 (Eq. B28)
oP, /T P2A - P2B
- 2
&2 = _RI@21 - RHA22 (Fq. B29)
3T, T2A - T2B
PZ

Equations B26, B27, B28 and B29 are used to solve equations B2l thru
B24. One now defines the change of energy and momentum as:

1
dM = M Ar,+ (2N At =M (Eq. B10)
, P 9T, 2
\q’ 2 T2 2 p
2
and
dig= {5 AP +(3E ATZ: E (Eq. B31)
3P, 2 oT
T P
2 2
Solving equations 30 and 31 simultaneously for AP and AT, get
M{ oE -F (M ’
2 2 2/p,
- (Eq. B32)
(.6\__,2 )T (u - [OE P
& P, 3T, 3T, 3 P
2 F2 ) 2/
: 2
and
%



C

N

2 2 (Lq. 33)

Then P, and T, are redefined (using Eq.'s B32 and B33)

(Eq. B34)

With the new values of Py and Ty from eqpations B34, one resolves
Eq. B20 and checks to see that F = (M')2 + (E )2 < 10. The interation
is continued until this inequality is satisfied, At this point all con-
ditions rclative to a two dimensional oblique shock are known - hence the
external-to-boundary-layer properties on the wedge are known.

It remains only to account for the conical flow field for cases in
which N =1 (cone case). Accordingly, define

- ' _ 2 - Q ] tan 8
Tan Oci = ’: Ql/ 2 s (Fq. B35)

2
2+ { Q 1/ QZ) tan GS

Using the values of 04 and €1/%2 derived from the last pass through
the preceeding routine, calculate the Gci value fFrom Fq. B35. Then define

d0g =0, -6 (Eq. B36)
\_i .

check to see if }i_}iﬁ < .002. If not, define

c :

B = 95 + des (Eq. B37)

s

and return to the oblique shock routine., When the inequality is finally
satisfied, define the cone surface pressure as
2 .
= % 2
P. =Py + QI V1 -1 SIN B¢
QZ

(Eq. B33)

With this pressure (Pg) and T, enter the Mollier subroutine (ANAPRP) and
get SRC (the entropy at P, and T. estimated by Tp). Now, since the post
shock (sub 2) and external-to-boundary-layer (sub c) entropies are equal,
one seeks to satisfy the inequality:



SR2 - SRC < . 0001 (Eq. B39)
SR2 :

When this inequality is satisfied, the cone surface pressure (Pe) and
I temperature (Tc¢) are known and thence (through the Mollicr data) all
e local cone surface properties. If equation B39 is not satisficd define

DSR = SR2 - SRC
DTC = (Te/CPC) X IBR
TC = TC + DTC

and go back through the Mollier data, repeating the process until Fq. 30
is satisfied,

NCTE.
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APPENDIX C

SUPERSONIC CONE DATA CALCULATION

The hypersonic similarity assumptions used in the cone shock analysis
of Appendix B are invalid when Ma,SIN 84 is less than approximately 3,
Thus, another method is automatically substituted for obtaining the cone
shock and surface (external to the boundary layer) properties. This method
is essentially a perfect gas analysis and makes use of the curve fitting of
Kopal's data by Linnell and Bailey (Reference 19). 1In order to simplify
the approach (and also to assure that the hypersonic analysis will not be
attempted when M.. SIN 0, < 3), the program tests the parameter: Mz,SIN
8c. When the value of this parameter (which is always smaller than M .
SIN 84 for a given cone half angle and M~) is equal to or less than 3, the
following alternate approach is used,

The pressure at the cone surface is obtained from Linnell and Bailey's
(Reference 19) equation

) 2,5 + 8 p[oo?- 1 SIN @
Cp = 4 SIN @_ — (Eq. C1)
L+ 16V Mo ? - 1 SIN o
where
P - P ’
= =2 - (Eq. C2)
}-”Q\IV‘.kvz
or 2
(€. /50 (Vo)
PC = Cp + P._‘\‘ . (Eq. C3)

2116,2

Note that in this Appendix ¢y, Cp is the pressure coefficient, sub .,
refers to free stream values ahead of the nose shock and sub ¢ refers
to properties taken external to the boundary layer at the cone surface,

Data for the local enthalpy at the cone surface is taken from a
curve-fit of Figure 14 of Reference 20, The equation is

o [ Pe\= 0.40835 [M,{, SIN 9‘] - 0.08167 (Eq. C4)
hcq A €
from which the local enthalpy is defined by
-1
he = {Ln In (hey b, (Eq. C5)
ha,
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The local velocity, V., is then obtained from the enerpy equation

= - (F . C6)
v, J(htot h) 50123, q

The local density is estimated from (Reference 21)
.965
N 0.0294 (P.)
€ (estimated) L. - 1,0477 (1 - h. )
8465

(¥q. C7)

and the temperature (also estimated since it is based upon an estimated
density) from

T = 0.684 (P / QC (Eq. €8)
est estimated

With P. and h, known from equations C3 and C5, respectively, and the
estimated temperatura,'Test, the subroutine TITFR is used to correct the
estimated temperature to conform to the two known thermodynamic variables
(he and P,) using the Mollier data subroutine ANAPRP, This latter sub-
routine tﬁen supplies all of the remaining external to the boundary layer
flow properties on the cone,

It remains only to specify the cone shock angle which is obtained

from

-1 3/ e 2 2
o, = ST Lo - CO8 B + 1. + .5 (Yat 1) (M5 - 1) (SIN® g )

Moy

(Eq.Ca)

(This is Tquation 9 of Reference 14)
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APPENDIX D

PFRFECT GAS PRANDTL-MEYFR EXPAMNS ION

At low velocities the real gas Prandtl-Meyer expansion routine
becomes inapplicable and indeed blows up. Thus, when failure of this
routine is encountered, the program switches to the perfect pas routine
described below,

THEORY

The pressure downstream of the expansion is determined from
equation 174 of Reference 15:

4 2
. 2 2 (o by My - 4 (M7 - 1)
Y2 - v M7 (A vy + v M L 1 L1 A 2
Py —_— 4 (M 2 -y 2 @
{ 2 _
yu? -
2
v, M ' 2 6
_,_i_«iﬂﬂ_B 5 ntl M 8 5+7 Y1 - 271 M + 50+ 1)
5 3. —— 1 1
2 (Ml -1) 6 6 3
l; 2 3
M- 2 M x4 (4 ) (Eq. D)

where 4v (delta Ny) = the change in Prandtl-Meyeor angle through the
expansion '

i

sub 1 upstream of expansion value
sub 2 downstream of expansion value
Y = specific heat ratio

M mach number

H

It should be noted that Avis known from

Av = TETCl - TETC2 : (Eq. D2)

The program solves Eq.s DI and D2 for P2. Since the expansion 1is
isentropic, the upstream body entropy is known. Thus, the downstream
temperature is approximated by using the asymptotic downstream body
temperature and these values (T2 and P2) are used to enter the Mollier data
subroutine (ANAPRP) to get the downstream entropy (SR2). This entropy (SR2)
is then checked against the known upstream entropy (SR1) and if sufficiently
accurale comparison fails the temperature estimate is altered by a new
estimate:

T2 = T2 + (T,/CP) .123406 ISR (Fg. D3)

where: DSR = SR2 - SR1
CP2 was obtained by the entry into ANAPRP
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This process is repeated until the entro
thermal and transport properties obtaine

( ANAPRP) the Mollier subroutine are
layer properties,

py c¢heck is satisfied, Then all
d fron the last pass through
the aft body, external to boundary



ALW
AW =
AC1 =
A2 =
AINFY =
ALPHA =
A2C =
CFLAM1
CFLAM2
CFT1 =
CIrT2 =
CPCVC1
CPCVC2

€pPC1 =

. CEC2 =

CPCV2C
CPCV1V
CPCV2W
CPLW =
CP2W =

CPINE =
CPREF1

CPREF2
CPW1 =

CPW2 =

Dr1S1
DELS2
GAMINF
HC1 =
HC2
112C

Definition of Syhbols in Program Output

external to boundary layer speed of sound on fore wedge
(ft/sec).

external to boundary layer speed of sound on aft wedge
(ft/sec).

external to boundary layer speed of sound on [ore cone (ft/
sec), '

external to boundary layer speed of sound on aft cone (asymp-
totic pressure) (ft/sec).

free stream speed of sound (ft/sec).

vehicle angle of attack (deg).

external to boundary layer speed of sound on aft cone (P,M,
pressure) (ft/sec).

laminar friction coefficient on the forebody (-),

laminar friction coefficient on the aftbody (-},

turbulent friction coefficient on the forebody (-},
turbulent friction coefficient on the aftbody (-},

external to boundary layer specific heat ratio on fore cone
().

external to boundary layer specific heat ratio on aft cone
(asymplotic pressure) (-).

external to boundary layer specific heat on fore cone (BTU/
1t ©K).

external to boundary layer specific heat on aft cone (asymp-
totic pressure) (BTU/1bm °K).

external to boundary layer specific heat ratio on aft cone
(P.M. pressure) (-),

_external to boundary layer gpecific heat ratio on fore wedge

(-).

external to boundary layer specific heat ratio on aft wedge
(). '

external to boundary layer specific heat on fore wedge (BTU/
1bin OK).

external to boundary layer specific heat on aft wedge (BTU/
1bm OK).

free stream specific heat (BTU/1bm °K).

specific heat at reference enthalpy and local pressure in
the forebody boundary layer (BTU/1bm °K).

specific hecat at reference enthalpy and local pressure in the
aftbody boundary layer (BTU/ibm “K).

specific heat at forebody wall temperature and local pressure
(BTU/1bm °K). :

specific heat ab aftbody wall temperature and local pressure
(BTU/1bm °K),. :

distance between stations to be calculated on forebody (fti.
distance between statlions to be calculated on aftbody (ft},
free stream specific heat ratio (-).

external to boundary layer enthalpy on fore cone (BTU/1bn).
external to boundary layer enthalpy on aft cone (BTU/1lbm).
external to boundary layer enthalpy on aft cone using P.M,
expansion pressuvre (BTU/1bm),
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HINFY
HREF]
HREF2 =
HTOT =
HWL

1

H

i

HW?2

HIW
H2W
PC1
PC2 =
P2C =
PINFY =
PLOCC2

1

i1

PRC1
PRC2
PR2C

I

PR1W
PR2W
PRINF =
PRRFF1

1

t

PRREF2

PSILL =

“PSTL2 =

PSIT] =
PSIT2 =
PlW =
P2W =
(RTL1 =

QRTL2 =
QRTT] =

QRTT2 =
(SLAM]

G LAM?2

i

ET1
(T2
REYI

REY2 =
RHOC1 =

i

I

]

free stream enthalpy (BTU/1bn).

boundary layer reference enthalpy on forebody (BTU/1bm).
houndary layer reference enthalpy on aftbody (BTU/1bm),

free stream total enthalpy (BTU/1bm).

enthalpy at forebody wall temperature and local pressure
(BTU/1bm), ) »

enthalpy at aftbody wall temperature and local pressure (BTU/
1bm).

external to boundary layer enthalpy on fore wedge (BTU/1bm).
external to boundary layer enthalpy on aft wedge (BTU/Llbn),
Pressure on fore cone (asymptotic) (atm.).

Pressure on aft cone (asymptotic) (atm,).

Pressuve on aft cone from P.M, expansion (atm,),

free stream pressure (atm.).

local pressure on aft cone as derived by shock-expansion
method (atm.),

external to boundary layer Prandtl number on fore cone (-),
external to boundary layer Prandtl number on aft cone (-,
external to boundary layer Prandtl number on aft cone from
Prandtl-Meyer expansion (-).

external to boundary layer Prandrl number on fore wedge (),
external to boundary layer Prandtl number on aft wedge (-),
free stream Prandtl number (-).

Prandtl number at reference enthalpy and local pressure on
fore body (-},

Prandtl number at reference enthalpy and local pressure on
aft body (-},

recovery enthalpy minus wall enthalpy on fore body in laminar
flow (BTU/1bm),

recovery enthalpy minus wall enthalpy on aft body in laminar
flow (BTU/Lbwm).

recovery enthalpy minus wall enthalpy on fore body in turbulent

- flow (BTU/1bm),

recovery enthalpy minus wall enthalpy on aft body in turbulent
flow (BTU/1bm). '

Pressure on fore wedge (atm.),

Pressure on aft wedge (atm.).

ratio of laminar heal rate at angle of attack to that at zero
angle of attack on fore body (-).

same as QRTL1 but considers aft body (-).

ratio of turbulent heat rate at angle of attack to that at zero
angle of attack on fore cone (-),

Same as QRTTL but considers aft body (-),

local heat transfer rate from a laminar boundary layer on the
fore body (BTU/ft2 sec).

local heat transfer rate from a laminar boundary layer on the
1€t body (BTU/ft2 sec). '

local heat transfer rate frem a turbulent boundary layer on

“the fore body (BTU/ft2 sec),

local heat transfer rate from a turbulent boundary layer on
the aft body (BTU/ft2 gec).

local Reynolds number on fore body (-),

local Reynolds number on aft body (-) 3
external to boundary layer denslty on fore cone (slugs/ft”),
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RHOC?2 = external to boundary layer density on aft cone (asymptotic
pressure)(slugs/ft3),

RHO2C = external to boundary layer density on aft cone (PM pressure)
(slugs/ft3),

RHOTNF = free stream density (Jlugs/fL 3y,

RHOR1 = density at reference enthulpy and local pressure in fore body
boundary layer (s Iugs/ft ).

RHOR2 = density at reference enthalpy and local pressure in aft body
boundary layer (slugo/fL ).

RIOWL = density at fore body wall temperature and local pressure
(slugs/ft3), :

RHOW2 = density at aft bodv wall temperature and local pressurf (using
either P.M. or asymptotic, as user selects), (sluvq/ft ).

RHOLW = external to boundary layer density on fore wedge (slugs/ft- 3.

RHO2W = external to boundary layer density on aft wedge (Slugs/ft3)

S = surface coordinate distance to point being Investigated (ft),

50 = surface coordinate distance from nose stagnation point to
fore hody - nose shoulder (ft).

S1 = surface coordinate distance from nose apex to fore body -
aft body shoulder {ft),

52 = surface coordinate distance from nose apex to aft end of

o ' ' aft body (ft).

S2MINL = ef fective boundary layer build-up distance at start of down-
stream body such that momentum defect is constant across the
expansion for laminar flow (ft).

S2MINT = same as SZMINT but for a turbulent boundary layer {(ft),

SRINF = nondimensionalized free stream entropy (S/R) (-),

SRC1 = nondimensionalized external to boundary layer entropy (S/R)
on fore conc (-}, :

SRC2 = nondimensionalized external to beundary layer entropy (5/R)
on aft cone using asymptotic aft cone pressure (-),

SR2C = same as SRC2 but using P.M. pressure on aft cone (-),

SRIW = same as SRC1 but considers fore body as wedge (-).

SR2W = same as SKIW but the aftbody i3 a wedge (-).

TAULL = local shear stress on fore body for laminar flow (1bf/ft Y.

TAUL2 = local shear stress on aft body for laminar flow (Ibf/fr2),

TAUTL = local shear stress on fore body for turbulent flow (1bf/ft2),

TAUT2 = 1ocal shear stress on aft body for turbulent flow (1bf/ft2),

TCL = external to boundary layevr tcmperature on fore cone (°9K),

TC2 = external to boundary layer temperature on aft cone (asymptotic
pressure) (°PK),

TETC1 = fore body angle plus angle of attack (deg.),

TETC2 = aft body half angle plus angle of attack (deg.).

TETSCL = fore cone shock angle (deg.).

TETSC2 = aft cone shock angle (deg.).

TETS1IW = fore wedge shock angle (deg.).

TIFTS2W = aft wedge shock angle (deg.).

TINFY = free stream temperature (0K},

TKC1 = external to boundary layer thermal conductivity on fore cone
(BTU/ft sec °K),

TKC2 = external to boundary layer thermal conductivity on aft cone

(asymptotic pressure) (BTU/ft sec °K).



TK2C =

TKREI{

TKRII2
TKIW =

1l

TK2W

TREF1 =

TREF2 =
T2C =

TiW
T2W
VC1
vC2

1l

Hl

V2C =
VISCC1

VISCC2

VISC2C
VISCR1

VISCR2
V3 CINE
VISClW

VIsCa2Ww
VIiW =
V2W
X1 =

X2 =
XMC1
XMC2

it

i

XM2C
XMLW
LM2u
AMINE =
ZC1 =

i

72C2 =

Z.2C
ZINF =

1

il

i

I

1}

fl

external to boundary layer thermal conductivity on aft cone
(P.M. pressure) (BTU/ft scc °K),

thermal conductivity at reference enthalpy and local pressure
in fore body boundary layer (BTU/ft sec K).

same as TKREF1 but for aft body (BTU/ft sec “K).

external to boundary layer thermal conductivity on fore wedge
(BTU/ft sec °K), :
external to houndary layer thermal conductivity on aft wedge
(BTU/ft sec °K).

temperature at reference enthalpy and local preqsure in the
fore body boundary layer (©X),

same as TREF1 but for aft body ( °xy,
external to boundary layer temperature on aft cone (P.M,
pressure) (°K),

external to boundary layer temperature on fore wedge (°K).
same as T1W but for aft wedge (°K).
external to boundary layer velocity on fore cone (ft/sec).
external to boundary layer velocity on aft cone (asymptotic
pressura){ft/sec,).
external to boundary layer velocity on aft cone (P.M, pressure)
(ft/sec,), '

external to boundary layer dynamic viscosity on fore cone (1bf
sec/ft2),

external to bounua;y layer dynamic viscosity on aft cone (asymptotic

presgure) 1bf sec/ft2),

external to boundary laynl dynamic viscosity on aft cone (P,M,
pressure) (1bf sec/ft* 2y,
dynamic viscosity at reference enrhalpy and local pressure in
fore body toundaly layer (1bf sec/ft?),

same as VISCR1 but for aft body (1bf seo/ft?)

free stream dynamic viscosity (1bf sec/ft?),
external to )OUHdd[j layer dynamic viscosity on fore wedge
(1bf sec/ft2)!

same as VISCLIW but on aft wedge (1bf sec/ftz).

external to boundary layer velocity on fore wedge (ft/sec).
same as VIW but on aft wedpe (ft/sec),

coordinate dilstance to polnt being investigated along a free
stream velocity vector through the nose stagnation point for
fore body (ft),.

same as X1 but for points on aft hody ({t).

external to boundary layer Mach number on fore cone (-),

same as XMCL but on aft body and using asymptotic pressure
(-).

same as XMC2 but for P.M. pressure (-),
external to boundary layer Mach number on fore wedge (-).
same as XMIW but for aft wedge (-).
free stream Mach number (-),
external to boundary layer compressibility factor on fore
cone (-), _
external to boundary layer compressibility factor on aft
cone (asymptotic pressure) (-).

same as ZC2 but using P.M. pressure (-).

free stream compressibility factor (-),
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1!

external to boundar

y layer compressibility factor on fore
wedge (-), ’ )

same as Z1W but for aft wedge (-),
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